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Protein Translocation in the Minireview
Three Domains of Life:
Variations on a Theme
translocation components of organisms from all three
domains of life.
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of integral membrane proteins, known as the SecYEGBoston, Massachusetts 02115
complex in bacteria (Brundage et al., 1990), and the³Max DelbruÈ ck Center for Molecular Medicine
Sec61 complex in eukaryotes (GoÈ rlich and Rapoport,Robert-RoÈ ssle-Strabe 10
1993). These complexes probably form a pore, throughD-13122 Berlin Buch
which proteins pass on their way out of the cytoplasmGermany
(Hanein et al., 1996). Two of the subunits of these com-
plexes are conserved in the domainsÐthe SecY/Sec61a
and the SecE/Sec61g proteins (Hartmann et al., 1994)
in bacteria and eukaryotes, respectively. These proteins
In all cells, extracytoplasmic proteins must be translo-
are essential for protein translocation in vivo and in vitro.
cated across lipid bilayers to reach their final destina- Without exception, archaeal homologs of SecY/
tion. Most protein translocation across hydrophobic Sec61a and SecE/Sec61g are more closely related to
membranes occurs through an evolutionarily conserved the eukaryotic than to the bacterial members of these
proteinaceous complex. In addition to this complex, the families (Figure 2).
protein translocation machinery in bacteria and eukary- Analyses of SecY/Sec61a and SecE/Sec61g homo-
otes employs a number of other proteins that do not logs from a number of organisms have led to the identifi-
appear to be shared between these two domains of cation of regions that are conserved in all cells and
living organisms (Murphy and Beckwith, 1996; Rapoport regions of conservation that are limited to only one or
et al., 1996; Schatz and Dobberstein, 1996). The func- two domains. Such information could provide clues
tions of many of these proteins and the mechanism of about which portions of SecY/Sec61a and SecE/Sec61g
protein translocation remain largely unknown. interact with each other or with additional components
Genome sequencing projects are providing the basis of the protein translocation apparatus. For example, as
for a novel approach to learning more about protein will be discussed below, homologs of SecD and SecF,
translocation in all cells. Protein translocation has been two components that are thought to interact with the
studied only in bacteria and eukaryotes, two of the three bacterial heterotrimeric complex, have been identified
domains of life. The completion of the genome se- in archaea but not in yeast. Regions of bacterial SecY
quences of organisms in the third domain, the archaea, that share homology with their archaeal, but not their
has revealed that the archaeal protein translocation ap- eukaryotic counterparts, may be sites of interaction of
paratus contains a mix of components similar to those SecY with SecD or SecF.
of bacteria and eukaryotes (Figure 1; Table 1). Therefore, The way in which bacterial SecE and eukaryotic
biochemical and genetic analyses of protein transloca- Sec61g were found to be homologs illustrates the use-
tion in archaea may provide important clues about this fulness of cross-domain comparisons. These proteins
process in all organisms. share little sequence similarity (Hartmann et al., 1994).
While archaea are morphologically like bacteria (both In fact, SecE and Sec61g would not have been identified
are prokaryotes), they are evolutionarily distinct from as homologs were it not for (1) the sequence similarity
both bacteria and eukaryotes. The division of all organ- between the mammalian Sec61g and the archaeal SecE,
isms into three domains (bacteria, eukaryotes, and ar- (2) the conservation of the structural organization of the
chaea) was first proposed on the basis of 16S ribosomal SecE homologs, and (3) the conserved genome organi-
RNA sequences and later confirmed by the comparison zation of bacteria and archaea. The conserved chromo-
of many protein sequences (Woese and Fox, 1977; somal location of secE in prokaryotes next to nusG (a
Woese et al., 1990). Some archaeal cellular processes gene coding for a transcription termination factor)
are similar to those of eukaryotes, while others resemble helped us in the identification of secE in M. genitalium
those of bacteria. For example, archaeal transcription and in M. jannaschii. Previously, the failure to identify
and translation resemble those of the eukaryotes. In these genes by primary sequence homology had lead to
contrast, many archaeal metabolic pathways and the the suggestion that these organisms had a rudimentary
genome organization resemble the bacterial systems translocation system.
(Keeling and Doolittle, 1995). More detailed compari- The third component of the SecYEG/Sec61 complex,
sons of archaea, bacteria, and eukaryotes were made SecG in bacteria and Sec61b in mammalian cells, does
possible by the recent completion of the entire genomic not appear to be conserved between bacteria and eu-
sequence of organisms from all three domains: e.g., karyotes. We have identified an open reading frame in
Methanococcus jannaschii (an archaeon), Saccharo- archaea that has some sequence similarity to Sec61b
myces cerevisiae (a eukaryote), as well as Escherichia whereas we did not find a SecG homolog. Thus, the third
coli and Helicobacter pylori, (bacteria) (Tomb et al., 1997, component of the archaeal SecYEG/Sec61complex, like
and references therein). the other members of this complex, may be more like
its eukaryotic than its bacterial counterpart.In the following sections we will compare protein
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Figure 1. Protein Translocation Models for
Representatives of the Bacteria (E. coli), Eu-
karya (S. cerevisiae), and Archaea (M. jan-
naschii)
While biochemical and genetic analyses led
to the identification of the E. coli and S. cere-
visiae key components, the M. jannaschii
model is based on homology searches of its
entire genome for bacterial and/or eukaryotic
translocation components.Homologs of bac-
terial and eukaryotic proteins that have not
yet been found (or may not exist) in archaea
are drawn in gray. Components of the ar-
chaeal heterotrimeric protein complex exhibit
stronger sequence similarity to components
of the eukaryotic Sec61 than to the proteins
of the bacterial SecYEG complex.
The Energetics of Protein Translocation a SecA homolog in the completely sequenced archaeal
genomes of M. jannaschii and Methanobacterium ther-The energy required for protein translocation is provided
by different mechanisms in various organisms. ATPases moautotrophicum, or in Pyrobaculum aerofilum, whose
genome sequence is nearly completed. Since SecA isprovide energy for protein translocation in bacteria and
eukaryotes (Wickner, 1994). In addition, bacteria use the highly conserved among bacteria and chloroplasts, it is
likely that an archaeal SecA would have been identifiedelectrochemical force of the proton gradient across the
cytoplasmic membrane (the protonmotive force or PMF) by our homology searches.
The failure to find archaeal SecA or extracytoplasmicto help drive proteins across the membrane. SecA is a
cytosolic bacterial protein that uses ATP hydrolysis to Hsp70 homologs raises a number of interesting issues.
For example, archaeal protein translocation may use aninsert and to deinsert into the membrane during translo-
cation, possibly pushing translocating proteins across ATPase unlike either SecA or Hsp70 to provide energy
for translocation. Discovery of such ATPases would pro-the membrane (Figure 1, left panel).
In yeast, Kar2p, an Hsp70 homolog which is not lo- vide insights into what classes of ATPase may function
in protein translocation. It is possible that homologs ofcated in the cytosol but in the lumen of the endoplasmic
reticulum (ER), may use ATP hydrolysis to provide the such a new type of ATPase might also play a role in
protein translocation in eukaryotes, either as a part ofenergy for the transport of proteins across the mem-
brane during translocation (Figure 1, middle panel) the apparatus that translocates proteins across the ER
or as a factor that transports proteins from the cytosol(Brodsky et al., 1995). Similarly, it has been suggested
that BiP, the mammalian Kar2p homolog, acts during into other compartments. In this context, one should
bear in mind that some secretory proteins in mammalsmammalian translocation and helps proteins to get
across the membrane. However, it has been proposed are translocated directly across the plasma membrane
using unknown pathways.that translocation in mammalian cells requires neither
an ATPase nor a PMF for protein translocation (GoÈ rlich It is also possible that archaea do not require an
ATPase for the translocation of proteins across the mem-and Rapoport, 1993). Instead, translation itself may drive
the nascent polypeptide from the membrane-bound ri- brane. For instance, archaeal protein translocation may
rely entirely on PMF to drive proteins across the mem-bosome across the membrane into the ER lumen.
Neither an extracytoplasmic Hsp70 nor a SecA homo- brane. E. coli protein translocation requires a PMF, but
it is not sufficient to perform protein translocation in thelog has been found in archaea sequences. Failure to
find an extracytoplasmic Hsp70 is perhaps not too sur- absence of SecA. However, recently a protein import
pathway into chloroplast thylakoids has been describedprising. Hsp70s require ATP and, since small molecules,
like ATP, are free to diffuse away from the cell once that relies entirely on a pH gradient. Alternatively, all
protein translocation in archaea might occur cotransla-outside the cytoplasmic membrane, it would probably
be very difficult to provide ATP to an extracytoplasmic tionally without the need for an extra energy source as
is proposed for the cotranslation mode in eukaryotesHsp70.
Perhaps more surprisingly, despite extensive se- (GoÈ rlich and Rapoport, 1993). In any case, studies of
the energetics of protein translocation in archaea arequence comparisons, we have not been able to identify
Table 1. Components of the Protein Translocation Systems in S. cerevisiae, E. coli, and M. jannaschii
Targeting Molecules Membrane-Embedded Translocation Complexes Translocation ATPases
Species SRP SecB SecYEG/Sec61 Sec62/63 SecD/F SecA BiP
S. cerevisiae 1a 2b 1 1 2 2 1
E. coli 1 1 1 2 1 1 2
M. jannaschii 1 2 1 2 1 2 2
a Homologous components or processes identified.
b Homologous components or processes not identified.
Minireview: Protein Translocation in the Three Domains of Life
565
Figure 2. Dendrograms of SecE and SecY Homologs
The archaeal homologs are more closely related to the eukaryotic Sec61a and Sec61g than to the bacterial SecE and SecY, respectively.
Distance matrix trees (program NJPlot) are inferred from bacterial (light face type), archaeal (bold), and eukaryotic (outline type) SecE and
SecY amino acid sequences. The evolutionary distance between any two sequences is given by summing the lengths of horizontal connecting
branches.
likely to provide interesting information about the evolu- is not required for the export of many soluble extracyto-
plasmic proteins in vivo and in vitro (Phillips and Silhavy,tion of strategies to provide energy for protein translo-
cation. 1992), recent evidence suggests that E. coli SRP may
be required for theassembly of some integral membraneThe Initiation of Protein Translocation
Most extracytoplasmic proteins are synthesized with an proteins (Ulbrandt et al., 1997).
Archaea also contain homologs of SRP components,N-terminal signal sequence that targets them for export.
The function and structure of these sequences are con- which are more closely related to the eukaryotic than
to the bacterial homologs. Analyzing archaeal SRP mayserved in all domains of life. Signal sequences have
very little primary sequence homology but share three be the key to understanding the evolution of SRP and
its function in bacteria. Because much is known aboutphysical characteristics: a positively charged N termi-
nus, a core of at least six hydrophobic amino acids, and the function of SRP in eukaryotes, the high sequence
conservation of archaeal and eukaryotic SRP compo-a more polar C terminal region lacking charged amino
acids where cleavage by a signal peptidase takes place. nents will help with the elucidation of the role of SRP in
archaea. In turn, unraveling the role of archaeal SRPWhile signal sequences from different organisms are
often interchangeable, it is not yet known if archaeal may help explain the role of SRP in bacteria. In addition,
the discovery of functional similarities and differencessignal sequences will function in bacteria or eukaryotes.
A variety of ways in which signal sequences target between the eukaryotic and the smaller prokaryotic
SRPs will further our understanding of the mechanismproteins for export in bacteria and eukaryotes has been
identified. This process has been best studied in mam- by which the SRP cycle is regulated.
In bacteria, some proteins maybe targeted for translo-malian cells. As a signal sequence emerges from a
translating ribosome, it is bound by a 16S ribonucleo- cation by the export-specific chaperone SecB. It has
also been suggested that SecA recognizes signal se-protein particle, the signal recognition particle (SRP).
SRP retards the rate of translation and targets the ribo- quences. Since S. cerevisiae mutants lacking SRP are
viable, there are likely to be other soluble eukaryoticsome to the translocation apparatus in the ER mem-
brane. A second signal sequence recognition event is proteins required for the targeting of the signal se-
quences. Analyzing the archaeal translocation systemperformed by a membrane component of the protein
translocation apparatus. may identify non-SRP targeting factors, which may also
be found in bacteria and eukaryotes.Many signal sequence-containing proteins in S. cere-
visiae and a few proteins in mammalian cells do not Other Membrane-Embedded Components
of the Protein Translocation Apparatusrequire SRP to be targeted for export. Remarkably, SRP
is not essential for the survival of the yeast cell. It is In addition to the SecYEG/Sec61 complex, a number of
other membrane proteins are required for protein trans-not known whether other soluble proteins recognize the
signal sequences during the SRP-independent trans- location in bacteria and eukaryotes, but are not shared
between these two domains. These proteins includeport, but it is likely that in posttranslational translocation
a heterotetrameric complex of membrane proteins, the SecD and SecF (in bacteria), TRAM (in mammalian cells),
and the heterotetrameric Sec62/63p complex (in yeast).Sec62/63p complex, is involved in this process.
E. coli and other bacteria have an SRP that is much While the functions of these proteins are largely un-
known, it is likely that they regulate the function of theless complex than eukaryotic SRP, and its role in protein
targeting remains unclear (Poritz et al., 1988). While SRP SecYEG/Sec61 complex. Such functions could include
Cell
566
Selected Readinggating of the pore, regulating access to the pore, and
regulating assembly of the pore. Thus, despite sharing
Brodsky, J.L., Goeckeler, J., and Schekman, R. (1995). Proc. Natl.no sequence similarity, these proteins may have analo-
Acad. Sci. USA 92, 9643±9646.
gous functions.
Brundage, L., Hendrick, J.P., Schiebel, E., Driessen, A.J., and Wick-
SecD and SecF play an important role in E. coli protein ner, W. (1990). Cell 62, 649±657.
translocation, but have not been found in eukaryotes. GoÈ rlich, D., and Rapoport, T.A. (1993). Cell 75, 615±630.
Despite the fact that the archaeal homologs of the het-
Hanein, D., Matlack, K.E.S., Jungnickel, B., Plath, K., Kalies, K.U.,
erotrimeric complex componentsmore closely resemble Kenneth, K.R., Miller, R., Rapoport, T.A., and Akey, C.W. (1996). Cell
their eukaryotic counterparts, M. jannaschii containsho- 87, 721±732.
mologs of SecD and SecF. It has been proposed that Hartmann, E., Sommer, T., Prehn, S., GoÈ rlich, D., Jentsch, S., and
E. coli SecD and SecF are required for the function of Rapoport, T. (1994). Nature 367, 654±657.
SecA, another member of the bacterial protein translo- Keeling, P.J., and Doolittle, W.F. (1995). Proc. Natl. Acad. Sci. USA
92, 5761±5764.cation apparatus. Archaeal SecD and SecF could inter-
act with an ATPase that is unlike SecA and has yet to Murphy, C.K., and Beckwith, J. (1996). In E. coli and Salmonella
typhimurium. Cellular and Molecular Biology, F. Neidhart et al., eds.be identified. Since archaea do not contain a homolog of
(Washington: ASM Press), pp. 967±978.SecA, it is possible that SecD and SecF have a different
Phillips, G.J., and Silhavy, T.S. (1992). Nature 359, 744±746.function in archaea and bacteria. On the other hand,
Poritz, M.A., Strub, K., and Walter, P. (1988). Cell 55, 4±6.bacterial SecD and SecF may have unidentified func-
Rapoport, T.A., Jungnickel, B., and Kutay, U. (1996). Annu. Rev.tions that they share with archaeal SecD and SecF.
Biochem. 65, 271±303While homologs of the TRAM protein or the compo-
Schatz, G., and Dobberstein, B. (1996). Science 271, 1519±1526.nents of the Sec62/63p subcomplex have not been iden-
Tomb, J.F., White, O., et al. (1997). Nature 388, 539±547.tified in archaea, it is important to note that 56% of the
Ulbrandt, D.N., Newitt, J.A., and Bernstein, H.D. (1997). Cell 88,genes in M. jannaschii turned up no match to sequences
187±196.in the database. Thus, it remains possible that weak
Wickner, W. (1994). Science 266, 1197±1198.homologs of the components of the Sec62/63p complex
Woese, C.R., and Fox, G.E. (1977). Proc. Natl. Acad. Sci. USA 74,or other translocation components missing in archaea
5088±5090.have not yet been identified. In addition, the transloca-
Woese, C.R., Kandler, O., and Wheelis, M.L. (1990). Proc. Natl. Acad.tion apparatus of archaea may contain undiscovered
Sci. USA 87, 4576±4579.components that are unique to the archaea.
Conclusions and Prospects
The core components of the protein translocation sys-
tems of all domains of life, which are likely to make up
the membrane pore, are evolutionarily conserved and
probably have similar functions in all domains. However,
there are additional components that are essential for
protein translocation in some systems, but are absent
from others. It is possible that the functions of these
proteins are performed by nonhomologous proteins
in other systems. Therefore, comparison of the protein
translocation machineries of organisms from all three
domains of life is likely to help reveal which components
play analogous roles in the translocation process and
how they function in protein translocation.
The rapid progress in the molecular biological tech-
niques available to study archaea makes it possible to
investigate archaeal protein translocation in vivo and
in vitro. Genetic screens and biochemical analyses of
archaeal systems may also lead to the identification of
unique archaeal translocation components and compo-
nents that are conserved across domains, but which so
far have not been identified in bacteria and eukaryotes.
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